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ABSTRACT

Construction durations of magma reservoirs are commonly inferred from U–Pb zircon geochron-

ology using various statistical methods to interpret zircon U–Pb age spectra (e.g. weighted mean

ages of concordant zircon populations). However, in compositionally different magmas, zircon sat-

uration and crystallization are predicted to occur at different times relative to other mineral phases

and the geological event of interest; for instance, magma emplacement. The timescales of these
processes can be predicted by numerical modeling and measured using U–Pb zircon thermal ion-

ization mass spectrometry (TIMS) geochronology, therefore creating an opportunity to quantify

magma emplacement in space and time to constrain the size and longevity of magma reservoirs

during pluton construction. The Jurassic tilted, bimodal (gabbroic and granitic) Guadalupe igneous

complex (GIC) in the Sierra Nevada arc presents an exceptional opportunity to study the construc-

tion duration of a shallow (1–10 km) magma reservoir comprising multiple magma batches. We

present a new workflow to constrain emplacement ages from zircon geochronology of compos-
itionally different magma batches and evaluate melt-present timescales. High-precision U–Pb

chemical ablation isotope dilution (CA-ID)-TIMS zircon ages are combined with MELTS modeling

to calculate zircon saturation ages for each dated sample. Bayesian statistics are then used to com-

pare calculated zircon saturation distributions with zircon age distributions from TIMS data to pre-

dict time, temperature, and melt fraction at zircon saturation and solidus. In addition, we use min-

eral thermometry and cooling rate calculations to relate zircon saturation ages to emplacement
ages for felsic and mafic rocks, resulting in a best estimate for the total construction duration of

295 6 110 kyr for the GIC. Rhyolites exposed at the top of the GIC are �2–3 Myr older and thus not

part of the same magmatic system. The good agreement between Ti-in-zircon crystallization tem-

peratures and calculated zircon saturation temperatures by MELTS implies that bulk-rock composi-

tions of both mafic and felsic rocks are close to liquid compositions. Mafic and felsic magmas expe-

rienced extensive mingling at the emplacement level in a magma chamber (which, as defined here,

has temperatures above the solidus of the respective rock composition) encompassing �60% of
the exposed map area of the complex shortly after construction. Melt was present within the
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system for a total duration of �550 kyr as constrained by two-dimensional thermal finite-difference

modeling using an incremental growth and sill emplacement model. The construction and melt-

present timescales calculated in this study for the shallow GIC have implications for the potential of

in situ differentiation, mixing and mingling timescales and eruption in shallow magmatic systems.

Key words: compositional bimodality; U–Pb zircon ID-TIMS; magma chamber; finite-difference
thermal modeling

INTRODUCTION

The interaction of coeval felsic and mafic magmas in

the lithosphere is important for generating evolved

crust in subduction-zone settings (e.g. the formation of

andesites through magma mixing; e.g. Reubi & Blundy,

2009; Laumonier et al., 2014) and for triggering volcanic
eruptions through mafic replenishment in the shallow

crust (e.g. Sparks et al., 1977; Murphy et al., 2000).

Evidence for the interaction of compositionally different

magmas can be observed as mingling textures in plu-

tons (e.g. mafic enclaves; Cantagrel et al., 1984;

Barbarin & Didier, 1992), and textural, chemical, and

isotopic disequilibrium in volcanic rocks (e.g. Tepley
et al., 2000; Griffin et al., 2002). In many such cases, evi-

dence for magma mingling and mixing is indirect, lim-

ited to observations of the products of these

interactions (e.g. multiple crystal populations in erup-

tive rocks). The Guadalupe igneous complex (GIC) in

the Sierra Nevada foothills exposes the preserved juxta-
position in the shallow crust (�1–10 km depth) of con-

temporaneous mafic and felsic rocks, with sparse

intermediate compositions, and thus provides an op-

portunity to study the interaction of felsic and mafic

magmas in a subvolcanic magma reservoir. Mafic and

felsic rock compositions from the GIC lie at the lower

and upper limit of the compositional spectrum
observed in many of the larger Cretaceous Sierra

Nevada intrusive suites to the east (e.g. Tuolumne intru-

sive suite; see comparison given by Putirka et al.,

2014a) and thus provide insight into the role of mingling

and mixing (and a lack thereof) in the generation of

intermediate compositions.
A complete understanding of felsic and mafic

magma interaction and potential for eruption requires

knowledge of magma emplacement times, crystalliza-

tion durations and the size and longevity of resulting

melt-rich magma reservoirs. Because zircon is abun-

dant in felsic magmas and retains radiogenic Pb at mag-
matic temperatures, high-precision U–Pb zircon

geochronology has been essential for understanding

these processes (e.g. Del Moro et al., 1983; Kistler &

Fleck, 1994; Coleman et al., 2004; Matzel et al., 2006;

Miller et al., 2007; Memeti et al., 2010; Schoene et al.,

2012; Barboni et al., 2013, 2015; Broderick et al., 2015;

Samperton et al., 2015; Eddy et al., 2016; Shea et al.,
2016). However, zircon ages reflect the timing of zircon

saturation and crystallization from a magma and not ne-

cessarily the geological event of interest (e.g. the em-

placement of individual magma batches). Moreover, it

has been shown that zircon crystals do not grow at a

single moment in time; rather, zircon growth follows a

nonlinear, asymmetric growth distribution during
magma cooling that allows zircon to record down-

temperature magma compositional evolution (Watson,

1996; Harrison et al., 2007; Boehnke et al., 2013;

Bindeman & Melnik, 2016; Samperton et al., 2017).

Therefore, relating zircon ages to magmatic processes

of interest requires integration of models for zircon sat-
uration and crystallization with analytical tools to test

such models. This is important in particular for felsic

and mafic magma interaction because zircon saturation

is predicted to occur early or late relative to other

phases and relative to the timing of magma batch em-

placement. In this study, we develop a new workflow to

estimate emplacement timescales from zircon U–Pb
thermal ionization mass spectrometry (TIMS) ages that

combines (1) MELTS modeling to calculate zircon satur-

ation distributions (Keller et al., 2017), (2) Bayesian sta-

tistics to compare zircon saturation calculations with

analyzed zircon U–Pb ages and interpret the Zr satur-

ation distributions, and (3) cooling calculations to relate
zircon saturation ages and temperatures to the em-

placement of individual magma batches. Finally, we

combine the analytical results with field observations in

carrying out two-dimensional (2D) finite-difference ther-

mal modeling to explore potential magma chamber

sizes and longevities that are consistent with the

observed interaction of felsic and mafic magmas in the
GIC. The workflow developed in this study is particular-

ly useful in evaluating the construction duration of het-

erogeneous plutonic bodies containing multiple,

compositionally distinct magmas for which zircon crys-

tallization occurs at different time and temperature

scales.

GEOLOGICAL SETTING

The GIC (Fig. 1) is located in the Western Metamorphic

Belt (WMB), �50 km west of the central Sierra Nevada,

California. The WMB is part of the Sierra Nevada

Magmatic Arc and exposes subduction-related Triassic

to Jurassic volcanic and plutonic rocks intruding into
accreted terranes with oceanic affinity, with ages of

�200 Ma to �150 Ma, as well as rare Paleozoic units

(Tobisch et al., 1989; Saleeby & Busby, 1993; Snow &

Scherer, 2006). The GIC is a compositionally stratified
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Jurassic pluton with dominantly fine- to medium-
grained, weakly modally layered gabbros (�49–55 wt %

SiO2) at the exposed base, which is in contact with the

Bear Mountain Fault Zone (BMFZ). These rocks grade

upward into a compositionally heterogeneous mela-

diorite unit and then to fine-grained granitic to grano-

phyric rocks and rhyolites (67–78 wt % SiO2; Putirka

et al., 2014a; Fig. 1). Internal contacts are gradational
and a large mingling zone separates the dominantly

mafic, lower part from the dominantly more felsic,

upper part of the complex. Bimodality is observed be-

tween a mafic endmember with �49–60 wt % SiO2 and

a felsic endmember with �66–76 wt % SiO2.

Compositional bimodality is also pronounced in MgO,
TiO2 and CaO (Putirka et al., 2014a). The syn- to post-

emplacement BMFZ comprises a SW-directed thrust

fault truncating the gabbro unit and transported the GIC

upward. The smaller Hornitos pluton exposed to the

north of the GIC contains similar interlayered mafic and

felsic sheets and thus could be a displaced extension of

the GIC (Tobisch et al., 1989).

Studies by Vernon et al. (1989), Paterson et al. (1991)
and Haeussler & Paterson (1993) showed that the GIC

experienced SW-side-up tilting of �28� after solidifica-

tion such that erosion exposed an �7 km section of a

tilted pluton from �10 km depth at the base to grano-

phyric and volcanic rocks at the top. U–Pb zircon geo-

chronology of the GIC has indicated similar ages for

mafic and felsic units [151 6 2 Ma by Saleeby et al.,
1989, TIMS; 153 6 4 Ma by Ernst et al., 2009, sensitive

high-resolution ion microprobe (SHRIMP); both

reported with 2r uncertainty]. Further, the presence of a

low-P, high-T aureole around the GIC, low-grade region-

al metamorphism and granophyric textures at the top

of the GIC, argue for shallow emplacement depths in
the east (Best, 1963; Putirka et al., 2014a). The presence

of marine sediments (Mariposa formation) with deposi-

tional ages overlapping with the GIC indicates depos-

ition shortly prior to the emplacement of the GIC (Ernst

et al., 2009).

Detailed petrographic and geochemical studies of the

GIC were published by Best (1963), Best & Mercy (1967),
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Fig. 1. (a) Geological map of the Guadalupe igneous complex (GIC) modified after Best (1963) and Putirka et al. (2014a). Sample
localities for U–Pb TIMS and mineral analyses are shown. BMFZ, Bear Mountain fault zone. Small inset shows the location of the
GIC in the context of the Sierra Nevada batholith. (b) Cross-section A–A’ showing the dip of GIC units, layering in the gabbro unit
and the contact with the BMFZ. (c) SiO2 whole-rock composition of GIC units from Putirka et al. (2014a), plotted according to their
position in the GIC from the exposed base to the top of the complex. The SiO2 whole-rock compositions of samples analyzed in this
study are circled.
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and most recently Putirka et al. (2014a). These studies

show that the gabbros in the lower part of the GIC are

fine- to medium-grained (<1�5 mm) and contain clinopyr-

oxene þ plagioclase þ Fe–Ti oxides 6 amphibole 6

orthopyroxene 6 olivine 6 apatite 6 titanite and very
rare biotite. The gabbros are equigranular and common-

ly intergranular in texture. The meladiorite unit is com-

positionally heterogeneous, with mafic rocks of an

identical compositional and mineralogical spectrum to

the gabbro unit. In general, amphibole is more abundant

than pyroxene in the meladiorite unit. Mafic–intermedi-

ate compositions (54�9–59�4 wt % SiO2) are present in the
meladiorite unit, but are absent in the gabbro unit struc-

turally below. Both the meladiorite and upper gabbro

unit contain centimeter- to meter-sized felsic pods and

segregations, which have been interpreted as interstitial

melt pooled from surrounding gabbro mush after in situ

fractionation (68–75 wt % SiO2; Putirka et al., 2014a).
Felsic segregations are significantly more coarse-grained

then their host gabbro (grain size >0�5 cm) and consist of

plagioclase, amphibole, biotite, quartz, albite-dominated

alkali feldspar and rare pyroxene.

The majority of rocks in the granite and granophyre

unit are medium- to fine-grained with grain sizes
<1�5 mm. They consist of quartz þ plagioclase þ amphi-

bole þ biotite þ Fe–Ti oxides 6 titanite 6 apatite. The

amount of granophyric texture increases towards the

top of the complex. The mafic and felsic rocks exposed

in the mingling zone are petrographically and compos-

itionally similar to their equivalents in the gabbro and

granite unit, respectively.
At the eastern, upper margin of the GIC, fine-grained

rhyolites are exposed (Fig. 1), which previously have

been ascribed to be genetically related to the GIC

(Putirka et al., 2014). One sample from this unit was col-

lected to test its temporal and petrogenetic relationship

to the GIC.
Putirka et al. (2014a) presented a model based on ex-

tensive whole-rock data relating the mafic and felsic

units of the GIC via in situ differentiation at the emplace-

ment level. They suggested that repeated intrusions of

hydrous, basaltic parental magmas differentiated to

form intermediate (50–63 wt % SiO2) magmas by con-

tinuous crystal–liquid separation. In their model, a dis-
continuous differentiation process then followed,

during which previously generated intermediate com-

positions (�63 wt % SiO2) fractionated into mafic resi-

dues (low-silica gabbros in the gabbro and meladiorite

units) and highly evolved liquids (high-silica felsic seg-

regations and pods in the gabbro and the meladiorite
unit). The latter were then expelled to add to a growing

felsic cap in the upper part of the GIC. After accumula-

tion of a critical amount of felsic liquids in the upper

GIC, convection mixed highly evolved liquids with inter-

mediate magmas below. The complex finally crystal-

lized and cooled when the mafic input into the lower

part of the GIC diminished. This model proposes that
the compositional spectrum of felsic rocks exposed in

the GIC can be generated by emplacement-level, in situ

differentiation, which involved crystal–liquid segrega-

tion and mixing of these differentiates.

SAMPLES AND ANALYTICAL METHODS

The following section presents petrographic descrip-

tions of rock samples selected for whole-rock major and
trace element analyses, mineral chemistry and zircon

U–Pb TIMS geochronology and trace element analyses.

This section also includes descriptions of the analytical

procedures.

Sample descriptions
Seven samples were selected for mineral chemistry

and U–Pb zircon geochronology and trace element anal-

yses. Sample locations are shown in Fig. 1. These sam-

ples were selected for analysis based on freshness, as
determined by thin-section observations of a pool of

similar samples from each unit. This was particularly

difficult for the granite unit as the upper parts of the GIC

are strongly affected by alteration. However, zircons are

not affected by post-magmatic alteration. We selected

two samples from the gabbro unit (lower and upper

gabbro) as being emplaced at the stratigraphically low-
est and highest exposed level of the gabbro of the com-

plex, and as reflecting the two most common gabbro

types: amphibole- and pyroxene-rich gabbro. Although

the meladiorite unit is compositionally heterogeneous,

we choose a single pyroxene-dominated gabbro that

reflects the most primitive observed composition from
this unit, as we are interested in the temporal difference

in crystallization of mafic and felsic magmas in the GIC

and this sample is among the most mafic in the com-

plex (see Fig. 1). We further selected a felsic segregation

sample from the upper gabbro unit to test the in situ ori-

gin for the high-silica segregations and pods commonly

observed in the upper gabbro and meladiorite unit. All
selected samples are described below.

Sample BRGIC13 is an amphibole gabbro from the

lower part of the gabbro unit, near the fault-bounded

(BMFZ) contact to the host rocks. This rock consists of

equigranular green to light brown pleochroic amphi-

bole (0�1–0�4 mm) and plagioclase, which is present as
either interstitial and small (�0�1 mm) or larger (0�3 mm)

grains (Fig. 2a). Magnetite grains are commonly sur-

rounded by titanite, and biotite is present but is rare.

Other accessory phases are zircon and apatite.

Sample BRGIC10D is an amphibole-dominated gab-

bro from the upper part of the gabbro unit. This sample

was collected in an area where pyroxene-dominated
and amphibole-dominated gabbros are interlayered.

The rock consists of abundant clinopyroxene grains

(�1�5 mm) with exsolution lamellae of orthopyroxene

and small Fe–Ti oxide inclusions, orthopyroxene grains

(�1 mm) and plagioclase, which forms up to 2 mm long,

subhedral laths. Amphibole occurs either as subhedral
to anhedral, interstitial grains or replacing clinopyrox-

ene along rims or as flakes enclosed in the interior of
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Fig. 2. Photomicrographs of GIC samples under cross-polarized light [except for (a)]. (a) Equigranular green amphibole and plagio-
clase. Magnetite is rimmed by titanite in plane-polarized light; sample BRGIC13 from the lower part of the gabbro unit. (b)
Amphibole is replacing clinopyroxene along grain rims and forms interstitial grains; sample BRGIC10D from the upper part of the
gabbro unit. (c) Graphic intergrowth of quartz and alkali feldspar in felsic segregation; sample BRGIC10 from the upper gabbro unit.
(d) Ortho- and clinopyroxene with magnetite and plagioclase; sample BRGIC3 from the meladiorite unit. (e) Quartz and strongly
altered alkali feldspar and biotite; sample BRGIC2 from the granite unit. (f) Alkali feldspar showing inclusion-rich cores, quartz and
interstitial titanite and amphibole; sample 19 from the granite unit. (g) Fine-grained rhyolite with quartz and alkali feldspar phenoc-
rysts; sample BRGIC5 from the rhyolite section at the top of the GIC. (h) Equigranular amphibole and plagioclase laths; mafic dike
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clinopyroxene grains (uralitization; Fig. 2b). Accessory

phases are apatite and zircon.

Sample BRGIC10C is an �1 m long felsic segregation

in amphibole-dominated gabbro, collected from the

same area as sample BRGIC10D. This sample consists
of plagioclase, biotite, amphibole, alkali feldspar (pre-

dominantly albitic) and quartz. Grain sizes exceed

0�5 cm. Clinopyroxene is rare in the segregation and

texturally and compositionally similar to clinopyroxene

from the adjacent gabbro. Amphibole and biotite com-

monly appear together, but biotite is also present with-

out amphibole. Accessory apatite and zircon grains are
common as inclusions in feldspar. Oriented feldspar

and quartz intergrowths are abundant in the segrega-

tions (graphic texture; Fig. 2c).

Sample BRGIC3 is a pyroxene gabbro from the mela-

diorite unit. The sample consists of equigranular pyrox-

ene (� <0�4 mm; cpx > opx) and plagioclase (Fig. 2d).
Large plagioclase laths (up to �1 mm) show concentric

zonation. Some clinopyroxene contains exsolution

lamellae of orthopyroxene. Magnetite is common and

occurs as small inclusions in pyroxene and as larger

grains in the matrix (Fig. 2d). Biotite is interstitial and

accessory phases are zircon and apatite.
Sample BRGIC2 is a fine-grained amphibole–biotite

granite (�0�5–1 mm) from the granite unit. Quartz and

strongly sericitized alkali feldspar are the predominant

phases (Fig. 2e).

Sample 19 is a coarse-grained (up to 2 mm) granite

from the granite unit and was chosen for analysis of

mineral chemistry because it is less altered than sample
BRGIC2 (see Fig. 1 for sample locations). Samples

BRGIC2 and 19 have very similar mineralogy. Sample

19 mainly consists of equigranular quartz and alkali

feldspar (Fig. 2f). Alkali feldspar exhibits concentric or

irregular sector zoning. Amphibole and biotite are rare

and form subhedral grains (up to 1 mm), interstitial be-
tween larger alkali feldspar grains. Titanite is a common

interstitial phase and apatite and zircon are the other ac-

cessory phases. Fe–Ti oxides are absent.

Sample BRGIC5 was collected from rhyolite outcrops

at the top of the GIC. This sample is very fine-grained

(<0�1 mm), with quartz, alkali feldspar and biotite form-

ing larger grains and probably forming the groundmass
(Fig. 2g). Secondary chlorite is widespread. Accessory

phases are zircon and apatite.

Sample BRGIC6 is a fine-grained (<0�3 mm), bas-

altic dike sampled in the granite unit of the GIC. This

sample contains equigranular green to brown pleo-

chroic amphibole plus plagioclase, which occurs as
large laths in a fine-grained matrix and as interstitial,

small grains (Fig. 2h). Biotite is a late phase replacing

amphibole. Amphibole and plagioclase phenocrysts

(up to 1 mm) are present but strongly altered.

Magnetite is rimed by titanite. Secondary chlorite is

common.

Feldspar, amphibole and pyroxene compositions (if
present) from all samples (except BRGIC6, BRGIC5 and

BRGIC2, the last of which was too altered) were

obtained for mineral thermometry. Mineral composi-

tions from sample 19 were determined in lieu of those

for BRGIC2.

Whole-rock major and trace element analyses
Whole-rock major and trace element data for samples

BRGIC13 (lower gabbro), BRGIC10D (upper gabbro),

BRGIC10 (felsic segregation), BRGIC3 (gabbro from the

meladiorite unit) and BRGIC2 (granite) were analyzed by
Activation Laboratories Ltd, Ancaster, Canada for their

bulk-rock major and trace element compositions.

Samples were first crushed, split (250 g) and pulverized

to at least 106lm. Rock powders were mixed with a flux

of lithium metaborate and lithium tetraborate and fused

in an induction furnace. The melt was immediately
poured into a solution of 5% nitric acid containing an in-

ternal standard and mixed continuously until completely

dissolved (�30 min). The samples were analyzed for

major oxides and selected trace elements on a combin-

ation simultaneous/sequential Thermo Jarrell-Ash

ENVIRO II inductively coupled plasma (ICP) or a Varian

Vista 735 ICP system. Calibration used seven USGS and
CANMET certified reference materials. For trace ele-

ments, the fused sample was diluted and analyzed by in-

ductively coupled plasma mass spectrometry (ICP-MS)

using a Perkin Elmer Sciex ELAN 6000, 6100 or 9000 sys-

tem. Three blanks and five controls (three before sample

group and two after) were analyzed per group of sam-
ples. Duplicates were analysed every 15 samples, and

agree well with the analytical data. The instrument was

recalibrated every 40 samples. Two more whole-rock

major and trace element analyses of samples BRGIC5

(rhyolite) and BRGIC6 (mafic dike) were analyzed at

the University of California, Fresno, for major elements.

A detailed description of sample preparation and
analytical methods has been given by Putirka et al.

(2014a). Trace elements were analyzed at Rice

University; a detailed description of the method has been

given by Farner et al. (2014). Whole-rock major and trace

element data are listed in Supplementary Data File 1;

supplementary data are available for downloading at
http://www.petrology.oxfordjournals.org.

Electron microprobe analyses
Mineral compositions (amphibole, pyroxene and feld-

spar) from the upper gabbro sample (BRGIC10D) and
the felsic segregation (BRGIC10) were analysed using a

JEOL JXA 8200 electron microprobe (EMP) at the

University of California, Los Angeles (UCLA). At UCLA,

analyses were performed in wavelength-dispersive

mode with an acceleration voltage of 15 kV and a beam

current of 20 nA. Amphiboles were measured with a
5 mm defocused beam, whereas feldspars (dominantly

plagioclase) and pyroxenes were measured with a

focused beam. Counting times for all elements, except

Na and K, were 20 s on the peak and 5 s on the
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background. For Na and K, measuring times of 10 s for

the peak and 5 s for the background were applied.

Mineral chemistry for the other samples (samples

BRGIC13, BRGIC3 and 19) was determined at the USGS

facility in Menlo Park on a JEOL 8900 electron micro-
probe. Analyses were performed in wavelength-disper-

sive mode with an acceleration voltage of 15 kV. For

pyroxene and amphibole, a beam current of 15 nA and

a 5 mm defocused beam were used. For feldspar, a

beam current of 10 nA and a 5 mm defocused beam

were used. Measuring times were 30 s on the peak and

10 s on the background for all elements, except for Na,
for which we used 10 s on the peak and 5 s on the back-

ground. Measured mineral compositions are listed in

Supplementary Data File 2.

LA-ICP-MS Ti in zircon analyses
Titanium contents in zircon were analyzed by laser abla-

tion inductively coupled plasma mass spectrometry

(LA-ICP-MS) at the University of California, Santa

Barbara, following the method described by Kylander-
Clark et al. (2013). Zircon was ablated with a Photon

Machines Excite 193 nm excimer laser, with a 15 mm

spot for polished samples and a 25mm spot for unpol-

ished, rim analyses. Ablation lasted at 8 Hz for 15 s, fol-

lowing a 20 s baseline, with an approximate fluence of

1 J cm–2. The aerosol þ He carrier gas was mixed with
Ar and sent to an Agilent 7700 quadrupole ICP-MS sys-

tem for elemental concentration analysis. After

analyses, the collected data were standard- and drift-

corrected using Iolite v2.5 (Paton et al., 2011); the nat-

ural reference material, GJ1 (Liu et al., 2010), was used

as the primary reference material (approximately every

eight unknowns) and 90Zr was used as the internal
standard. Results are listed in Supplementary Data File

3 with 2r uncertainty. Supplementary Data Fig. S1

shows the location of each laser spot on the CL image

of the respective zircon.

Mineral thermometry
Crystallization temperatures were estimated for a repre-

sentative subset of mineral analyses of clino- and ortho-

pyroxene [using equations (33) and (28a) of Putirka
(2008)], plagioclase [equation (23) of Putirka (2008),

assuming an anhydrous liquid, thus regarded as max-

ima], amphibole (after Putirka, 2016) and zircon (after

Ferry & Watson, 2007). The plagioclase and pyroxene

thermometers of Putirka (2008) used in this study re-

quire the knowledge of the liquid composition in equi-

librium with the minerals to estimate a crystallization
temperature.

For clinopyroxene, we compare how well the EMP-

measured endmember compositions for pyroxene

match the calculated ones from a potential liquid com-

position (in this case the whole-rock composition). By

using the whole-rock composition of BRGIC6 (fine-
grained basaltic dike), predicted Di–Hd and En–Fs com-

ponents are 82% (Di–Hd) and 9% (En–Fs) and thus fit

calculated components best [endmembers calculated

from pyroxene compositions are 84% (Di–Hd) and 13%

(En–Fs); calculated using normative schema after

Putirka et al. (1996)]. We thus use sample BRGIC6 as

an equilibrium liquid to calculate clinopyroxene crystal-
lization temperatures. We discard analyses in which cal-

culated and predicted Di–Hd and En–Fs components do

not agree within 10% (non-equilibrium; however, most

analyses agree within 5% difference).

To test for equilibrium between orthopyroxene and a

potential parental liquid, observed Fe–Mg exchange

coefficients were calculated from mineral compositions
and compared against an experimentally determined

value (0�29 6 0�06; Putirka, 2008). Analyzed mineral

compositions are successively added or subtracted

to the respective whole-rock composition until

equilibrium is achieved between observed and experi-

mentally determined Fe–Mg exchange coefficients.
Orthopyroxene crystallization temperatures were then

calculated from equilibrium liquids with corresponding

FeO and MgO values. Plagioclase crystallization tem-

peratures were calculated similarly. Analyzed mineral

compositions were subtracted or added to the respect-

ive whole-rock composition until measured plagioclase
endmembers matched calculated ones from a potential

liquid composition.

The zircon thermometer relies on the knowledge of

aSiO2 and aTiO2, which are unknown but are estimated

to be aSiO2 ¼ 1 in samples containing quartz and 0�8 in

quartz-free samples. Lowering of 0�1 in aSiO2 results in

a decrease in temperature of �10�C and is thus not
significant. Ilmenite was reported in the mafic rocks

of the GIC and magnetite appears together with il-

menite in the felsic units (Best & Mercy, 1967).

Additionally, titanite was found rimming ilmenite and

magnetite in mafic samples and is present in some

granite samples. These observations point to a rela-
tively high aTiO2, which we set to 0�5, well in agree-

ment with aTiO2 ¼ 0�6 determined for ilmenite-bearing

rocks (Watson et al., 2006). Lowering aTiO2 by 0�1
results in an increase in temperature of �10�C.

Calculated temperatures are listed in Supplementary

Data File 2.

Zircon preparation and imaging
Over 300 zircons were extracted from each sample by

Yu-Neng Rock and Mineral Separation Services, China.

From these zircons, �100 grains were selected as rep-

resentative for the observed range of sizes and mor-

phologies using a binocular microscope and annealed

at 900�C for 48 h following a procedure outlined by
Mattinson (2005). Annealed grains were mounted in

epoxy and polished to expose zonation and core–rim

relationships in the interior of the grain. A second set

of grains were mounted and not polished for rim analy-

ses only. Colored cathodoluminescence (CL) images

(Fig. 3) of mounted and polished grains were obtained
using a Tescan Vega-3 XMU variable-pressure (VP)

scanning electron microscope (SEM) at UCLA to detect
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zonation, core–rim structures and growth

relationships.

U–Pb ID-TIMS zircon geochronology
A subset of zircons with images and Ti trace element

data (LA-ICP-MS) were selected for U–Pb geochron-

ology and geochemistry via chemical abrasion isotope

dilution thermal ionization mass spectrometry (CA-ID-

TIMS). This method provides the precision necessary to
resolve age differences in mafic and felsic rocks from

the GIC (Schoene et al., 2010). CA-ID-TIMS was con-

ducted at Princeton University following the analytical

procedures described by Samperton et al. (2015)

and Schoene et al. (2015). Each zircon was removed

from the grain mount, individually chemically
abraded in concentrated hydrofluoric acid for 12 h and

rinsed before the addition of the EARTHTIME
202Pb–205Pb–233U–235U isotopic tracer. All zircons were

subsequently dissolved in concentrated hydrofluoric

acid over 48 h, converted to chlorides, and separated

into U–Pb fractions by ion exchange chromatography.

Isotopic analyses of the U–Pb fractions (loaded onto
zone-refined Re filaments with a silica-gel emitter;

Gerstenberger & Haase, 1997) were performed by TIMS

using an Isotopx Phoenix 62 system. Detailed descrip-

tions of the method have been given by Samperton

et al. (2015) and Schoene et al. (2015). Results are listed

in Supplementary Data File 4. Supplementary Data Fig.
S1 shows the CL images of grains used for U–Pb

analyses.

WORKFLOW FOR DETERMINING
EMPLACEMENT AGES FROM U–PB ZIRCON
TIMS AGE DISTRIBUTIONS

A new workflow is established in this study to better de-

termine the emplacement ages of individual samples

from the GIC, which can then be compared with each

other to evaluate the entire construction history of the

GIC. This workflow consists of three steps, which are
described below and schematically shown in Fig. 4.

Step 1: Calculate zircon saturation distributions
The crystallization of zircon in a cooling magma as a

function of temperature is most accurately represented

as a distribution, rather than a singular zircon saturation

temperature. Here, a complete zircon saturation distri-

bution was calculated for each sample using the

method of Keller et al. (2017). Throughout in situ equi-
librium crystallization, zirconium content increases

owing to the relative incompatibility of zirconium in

major silicates, whereas the M value [(NaþKþ 2Ca)/

(Al�Si))] generally declines—both favoring zircon sat-

uration. In this way, zircon saturation temperature

increases throughout crystallization, whereas the tem-

perature of the residual melt declines. Consequently,
zircon crystallization does not occur instantaneously at

any single zircon saturation temperature (even if

neglecting kinetic constraints), but rather begins before

and continues after the nominal bulk zircon saturation

temperature.

Here, continuous crystallization effects were
assessed via an array of �5000 alphaMELTS (Ghiorso

et al., 2002; Asimow et al., 2004; Smith & Asimow,

2005) isobaric batch crystallization simulations for each

sample. To fully sample the relevant geochemical par-

ameter space and avoid numerical artifacts, each simu-

lation was run with slightly varying initial water content

and major element composition, with each initial
magma composition for each major element drawn

from a Gaussian distribution representing analytical un-

certainty, and water content drawn from a uniform dis-

tribution over the range 0–10 wt % H2O. For each

simulation, zircon saturation state was assessed at each

temperature step by calculating the residual melt zirco-
nium content on the basis of the MELTS equilibrium

mineral assemblage and partition coefficients from the

Geochemical Earth Reference Model (earthref.org/

KDD), and comparing the resultant M, Zr and T with the

zircon saturation model of Boehnke et al. (2013).

Parallel calculations were conducted using the compu-

tational resources of the Princeton Institute for
Scientific Computing. Further analytical details, includ-

ing relevant computational source code, have been

given by Keller et al. (2017).

Such a calculation requires an estimate of the par-

ental melt composition. Because such compositions

are not known with certainty for the GIC, zircon satur-
ation distributions were calculated using the fine-

grained basaltic dike sample BRGIC6 (51 wt % SiO2;

(a) (b)

(c)

(e)

(d)

50 μm

100 μm

100 μm

50 μm

50 μm

Fig. 3. Representative color CL images of separated zircons
from each sample: (a) lower gabbro unit (sample BRGIC13); (b)
upper gabbro unit (sample BR10D); (c) felsic segregation (sam-
ple BRGIC10); (d) meladiorite unit (sample BRGIC3); (e) granite
unit (sample BRGIC2). Zircons from the rhyolite unit (sample
BRGIC5) are not shown.
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Step 1: Alpha-MELTS calculations (Keller et al. 2017)
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Fig. 4. Schematic illustration of steps 1–3 of the new workflow developed in this study to estimate emplacement ages of magma
batches from U–Pb TIMS zircon age spectra of individual samples. (See text for detailed explanation.)
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Supplementary Data File 1) collected from the granite

unit as a possible parental melt for mafic samples.

Owing to its rapid crystallization after emplacement,

BRGIC6 provides a likely representative of a liquid

composition. Comparison of MELTS liquidus tempera-
tures calculated from BRGIC6 and the highest calcu-

lated temperatures from mineral thermometry in the

mafic samples fit well, showing that BRGIC6 is a good

fit as a starting composition (parental melt compos-

ition) for the purpose of MELTS calculations (see sec-

tion below). Notably, BRGIC6 is close to the average

whole-rock compositions of all gabbros from this
study and that of Putirka et al. (2014a), indicating that

this sample might be a good fit for a parental melt for

the majority of GIC gabbros. For the felsic samples

(granite and felsic segregation), the observed whole-

rock compositions were found to be close to equilib-

rium with the composition of early crystallized mineral
phases, and thus were considered good representa-

tives of the felsic parental melt.

Step 2: Bayesian zircon age interpretation
The above zircon saturation calculations result in a zir-

con saturation distribution for each sample as a func-
tion of temperature. Such a distribution serves as a

highly informative prior distribution for Bayesian

parameter estimation, allowing us to link zircon crys-

tallization as a function of time (as estimated by geo-

chronology) with crystallization temperature. This was

accomplished using Markov Chain Monte Carlo
(MCMC) inversion using the standard Metropolis algo-

rithm with a symmetric (Gaussian) proposal distribu-

tion. In this approach, the prior zircon saturation

distribution as a function of temperature is first

mapped from temperature to time assuming constant

cooling rate (linear cooling) using an initial guess for

first and last zircon saturation time (i.e. the first and
last nonzero zircon masses in the prior distribution as

a function of either time or temperature). This guess

need not be exact, as it will be refined through many

iterations of the MCMC process; oldest and youngest

single-zircon ages will suffice. We then calculate the

likelihood of obtaining the observed set of ID-TIMS zir-
con ages by drawing from the proposed prior distribu-

tion with known analytical uncertainty. First or last

zircon saturation ages are then adjusted randomly

(using a symmetric Gaussian distribution) to generate

a new proposal, and the likelihood of this proposal is

assessed. A new proposal will be accepted with prob-

ability of unity if it is of greater likelihood than the pre-
vious accepted proposal, or else with probability equal

to the ratio of proposed to accepted likelihood. The

metropolis algorithm then randomly accepts some

proposals with a likelihood of unity to avoid local mini-

ma. After an initial adjustment period (‘burn-in’) where

the parameters under estimation (first and last zircon
saturation time) converge to their ideal range, each

accepted proposal is stored. The distribution of

accepted proposals is known as the stationary distribu-

tion. The mean and standard deviation of this station-

ary distribution provide the mean and standard

deviation of our estimate of first and last zircon crystal-

lization time, which are linked to first and last zircon
crystallization temperature determined from the

MELTS distribution, allowing us to estimate magma

temperature as a function of time. The result is a full

distribution of zircon saturation and final crystalliza-

tion ages and temperatures for each sample, repre-

sented subsequently as a mean and 1r uncertainty for

each parameter (Table 1).

Step 3: Conductive cooling path calculations
As a final step, we performed conductive cooling calcu-

lations of mafic and felsic magmas in the GIC. This step
is necessary as we can extrapolate from the zircon sat-

uration age to the liquidus of the respective sample and

thus achieve emplacement ages if we assume that each

sample is an individual magma batch and was

emplaced at or close to the liquidus (the validity of this

assumption is discussed in the discussion section).
Nabelek et al. (2012) presented a two-dimensional nu-

merical conductive cooling model assuming linear

crystallization and incorporating the temperature

dependences of thermal diffusivity and heat capacity.

We used this model to estimate cooling paths for two

endmember scenarios representing a felsic and a mafic

liquid in the center of an 11 km wide and 3 km thick in-
trusive complex emplaced at 1 km depth in a crust with

a linear 40�C km–1 geothermal gradient. Calculations

were performed using the code from the Fortran pro-

gram SILLS (P. Nabelek, personal communication). We

assumed liquidus temperatures of 1100�C and 900�C

and solidus temperatures of 750�C and 650�C for the
mafic and felsic endmembers, respectively. Coefficients

for thermal diffusivity, heat capacity and latent heat

functions are chosen from table 1 of Nabelek et al.

(2012) and are listed in Supplementary Data File 5.

2D FINITE DIFFERENCE THERMAL MODELING

We use 2D thermal modeling to examine if a magma
reservoir can be created via a series of episodic thin sills

and investigate its longevity. Our thermal code allows

for the insertion of thin sills at a specified depth during

designated time intervals over a period of time. This

feature allows the emplacement of a net volume of new

hot material while calculating the evolving heat redistri-

bution. The resulting thermal profiles allow us to exam-
ine the development and longevity of any associated

magma reservoir. Our thermal code uses the finite-dif-

ference formulation of heat conduction (Croft & Lilley,

1977; Furlong et al., 1991; Bejan, 2013). It allows for full

spatial heterogeneity in rock type and thermal proper-

ties (i.e. conductivity, specific heat, density). Careful
code construction for numerical stability, computational

efficiency, and resource management (dynamic
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memory allocations and CPU parallelization) allows the

code to operate at scales between sub-meter and kilo-

meters for time durations of days to millions of years.

Boundary and initial conditions are defined using linear

temperature gradients and/or with radiogenic heat con-
tributions. Prior to any sill emplacement, we run the

thermal conduction calculation for 200 kyr to stabilize

initial and boundary conditions. We include latent heat

effects plus temperature-dependent diffusivity as

defined by Nabelek et al. (2012). An early version of our

code was presented by Yoshinobu et al. (1998) and

Paterson et al. (2011).
The thermal model presented here is based on field,

geochemical and geochronological constraints and is

designed to reconstruct the incremental growth, crystal-

lization and cooling history of the GIC. In describing this

model, we use the term ‘emplacement’ to refer to the

arrival of magma pulses and ‘crystallization span’ to
refer to the time between arrival of magmas and solidi-

fication of the last melt in the intrusive complex. Thus,

the duration of the entire hypersolidus history of the

GIC will be the duration of emplacement and final crys-

tallization span.

Growth model of the GIC
Structural studies and field mapping indicate that a

‘stacked cylindrical puck’ model best represents the

shape of the GIC and layered internal units. This is

similar to the ‘flat beaker model’ of Haeussler &

Paterson (1993) (Fig. 5). The original diameter of the
complex and thicknesses of the map units can be

inferred by using trigonometry to reconstruct the pre-

tilting characteristics of the GIC. We estimate the

diameter of each cylindrical puck to be 11 km and the

thickness of units as follows: granite/granophyre unit

1�8 km; mingling zone 2�3 km; meladiorite unit 1�1 km;

gabbro unit 2�5 km. Owing to poor outcrop, the pro-
portions of felsic to mafic rocks in the meladiorite unit

and the mingling zone are not precisely known, but

reasonable estimates are 70% felsic to 30% mafic

rocks in the mingling zone and 30% felsic to 70%

mafic in the meladiorite unit. By assuming these pro-

portions, the total exposed thickness of felsic rocks in
the GIC is determined to be 3�73 km and for mafic

rocks 3�96 km.

The 2D finite-difference model is set up so that both

felsic and mafic magmas are emplaced as sills con-

temporaneously and an emplacement sill thickness

and repeat time is assigned for each set of sills.

Overall grid discretization (internal grid spacing) is
selected to be 20 m, so that individual sill thicknesses

are an integral number of grid spacings. The time dur-

ation over which each set is emplaced determines

each net added volume and hence how many individ-

ual sills are added. The emplacement horizon for felsic

and mafic sills is assumed to be in the middle of the
mingling zone (Fig. 5), which shows evidence for the

presence of multiple contemporaneous felsic andT
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mafic magmas. As a new sill within the first set is

emplaced, older sills and overlying host rock are

‘moved’ upward to create room for the new sill. The

points in the finite-difference grid do not change their

locations; however, the contents of the points (physic-

al and thermal properties and temperature) are shifted
upward. Similarly, beneath the second set the contents

of older sills and deeper host rock are shifted down-

ward to make room for a new sill of this second set.

Thus, our sill expansion is a simplified proxy for ma-

terial advection. For transient thermal conduction

owing to these episodic thin sills, we enforce an intern-
al calculation time step finer than the emplacement

rates. The Earth surface directly above the sills is

assumed to be removed by erosion so that topograph-

ic effects do not need to be taken into account and the

top boundary condition continues to apply as defined.

The growth model is designed so that the top of the

complex is at 1 km depth after emplacement of all sills
(resulting in present-day exposure proportions of 48%

felsic to 52% mafic rocks), which is in accordance with

observations indicating a shallow intrusion depth into

slightly older marine sediments at the top of the GIC.

This puts the sill emplacement level at a depth of

4�7 km (Fig. 5). We also do not consider the possibility
of hydrothermal circulation, which would lead to faster

cooling. Hydrothermal circulation is considered not to

affect the GIC during hypersolidus temperatures

owing to thermal barriers, which prevent fluids from

entering the magma. In addition, we assume that con-

vection is not taking place in the GIC magma chamber.

This is reasonable for the mafic part of the GIC as the
preservation of modal layering prohibits convection,

but is an assumption for the felsic part of the GIC. The

emplacement duration for felsic and mafic sills in the

thermal model is set to 295 kyr, reflecting the best esti-

mate for the total construction timescale of the GIC.

Although, based on our dated samples, the age differ-
ence between the oldest and youngest dated mafic

samples is 167 kyr, there is evidence in the form of

compositionally similar mafic dikes (sample BRGIC6)

in the felsic part of the GIC that mafic magmatism

endured throughout the entire construction period.

Meanwhile, felsic magmas can be found in the

Hornitos pluton to the north of the GIC, which has

been interpreted based on structural constraints to
represent a feeder zone to the GIC (Putirka et al.,

2014b), implying that until solidification both magma

types were supplied to the GIC. Modeling parameters

are listed in Supplementary Data File 6.

Boundary conditions
The initial temperature in the system before the intru-

sive complex is emplaced is represented by a two-step

geothermal gradient of 40�C km–1 for the first 5 km at

which the gradient changes to 20�C km–1 with a tem-

perature of 1100�C at the base of the crust at 50 km

depth (values are taken from geothermal gradients in
continental arcs; Rothstein & Manning, 2003). The

Jurassic Sierra Nevada arc contains less magmatism

compared with the Cretaceous arc, which implies cool-

er ambient conditions of the crust before the GIC was

emplaced. Furthermore, the sedimentary host rocks of

the GIC show low regional metamorphic grade
(greenschist to local amphibolite facies around the

GIC) and were deposited shortly before the emplace-

ment of the GIC, and thus are rather cold. The Jurassic

arc is a marine arc providing an oceanic heat sink at

the surface and wet sediments during the emplace-

ment of the GIC. Therefore, a change in temperature

from 0�C at the surface to 1100�C at 50 km depth is
regarded as a reasonable boundary condition for the

model (comparable with other arc geothermal gra-

dients; Rothstein & Manning, 2003). Other choices will

probably increase crystallization durations of the GIC.

We performed calculations in a box measuring

70 km�50 km to avoid interference of the anomaly
with the fixed geothermal gradient at the edges of the

boxes.

3.
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Fig. 5. Sketch illustrating the setup of the 2D finite-difference thermal model. (a) ‘Stacked puck model’ of the GIC based on field
mapping and thickness calculations. (b) Thermal model setup with the final sizes of felsic and mafic parts of the GIC, emplacement
level, growth direction indicated by arrows and location of points 1–4 (point 1 at 2�84 km depth; point 2 at 4�48 km depth; point 3 at
4�96 km depth; point 4 at 6�72 km depth), at which temperature over time is monitored and translated into melt percentages using
alphaMELTS (see text for explanation).
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RESULTS

Zircon cathodoluminescence imaging
Color-CL imaging reveals sample- and unit-specific zir-
con textures (Fig. 3). Zircons from the lower gabbro

(sample BRGIC13) are �100–150 lm in size and show

brighter cores with patchy and/or irregular zoning

(Fig. 3a). A darker, discontinuous rim visible in the CL

images surrounds most grains. In comparison, zircons

from the upper gabbro (sample BRGIC10D) show the

same sizes but a homogeneous and/or patchy core,
which appears darker and brownish in color-CL images

(Fig. 3b). Likewise, a discontinuous, sometimes

oscillatory-zoned, rim surrounds zircons from the upper

gabbro. Zircons from the felsic segregation (sample

BRGIC10) within the upper gabbro are larger (�100–

250 lm) and show simpler textures with patchy zoning
and/or homogeneous brightness. Larger grains appear

broken and rarely show euhedral shapes (Fig. 3c).

Zircons from sample BRGIC3 from the meladiorite unit

are the same size as those from the felsic segregation

and show relatively homogeneous cores and lighter, ir-

regular rims, which are very bright in places as seen in

CL images (Fig. 3d). A few grains show brighter patches
within cores. Oscillatory zoning is common in zircons

from the granite unit (sample BRGIC2). Patchy, very

bright areas can be distributed in the core and rim

regions of grains (Fig. 3e). None of the zircons show ob-

vious relict cores in CL images. CL images of all zircons

used for TIMS and LA-ICP-MS analyses are provided in
Supplementary Data Fig. S1.

Mineral thermometry
Calculated crystallization temperatures from mineral

thermometry are shown in Fig. 6. In general, rock-

forming minerals in mafic samples record higher crys-

tallization temperatures compared with felsic samples.

Clinopyroxene records the highest temperatures, rang-
ing from �1180 to �1083�C in the mafic samples.

Orthopyroxene indicates crystallization temperatures as

high as clinopyroxene in the upper gabbro sample,

whereas it records lower temperatures of at most

�1037�C in the gabbro sample from the meladiorite

unit. Clinopyroxene and orthopyroxene are absent in
the lower gabbro and granite sample. Amphibole, to-

gether with zircon, records the lowest temperatures

from all analyzed minerals. Amphibole crystallization

temperatures vary from �670�C in granite sample 19 to

�950�C in the upper gabbro sample. In general, amphi-

bole crystallization temperatures below �650�C are

considered to reflect sub-solidus conditions. Feldspar
crystallization temperatures are calculated under an-

hydrous conditions as water contents are unknown;

thus the calculated temperatures should be considered

as maxima. Temperatures vary between �1100�C in the

lower gabbro sample and �950�C in granite sample 19.

Temperature estimates for zircon crystallization
based on the Ti-in-zircon thermometer of Ferry &

Watson (2007) reveal temperatures from �888�C

(granite sample) to �620�C (felsic segregation; Fig. 6).

Within single samples, crystallization temperatures

vary between 240�C (granite sample) and 150�C (upper

gabbro sample). Zircons from the granite samples

show the highest crystallization temperatures. Zircon
crystallization temperatures from gabbro BRGIC3,

sampled in the meladiorite unit, are similar to tempera-

tures from the felsic segregation, with the exception of

two grains from the felsic segregation, which show ex-

ceptionally high crystallization temperatures (Fig. 6).

The zircon crystallization temperatures in the upper

gabbro overlap with the higher-end temperatures
recorded in the felsic segregations. Zircon rim analyses

from the lower and upper gabbro systematically indi-

cate the lowest temperatures, but still overlap with zir-

con interior analyses from the same samples.

Calculated temperatures are listed in Supplementary

Data File 2.

U–Pb zircon ID-TIMS geochronology
Zircon grains previously characterized by CL-imaging and

LA-ICP-MS were selected for U–Pb ID-TIMS zircon geo-

chronology. In total, 44 zircon grains were analyzed from
six samples, with at least five grains per sample. The

results of U–Pb ID-TIMS geochronology are shown in

Fig. 7 in a ranked-order plot with 2r uncertainties for indi-

vidual zircon fragments. A decrease in zircon ages is

observed from the exposed base of the complex to the

top spanning �5866 455 kyr from 149�5476 0�083 Ma
(oldest gabbroic zircon) to 148�966 0�37 Ma (youngest

granitic zircon; 2r uncertainties). Zircons from the overly-

ing rhyolite sample are consistently �3–4 Myr older than

zircons from the intrusive samples, leading us to conclude

that the rhyolite is not petrogenetically related to the GIC

complex. Excluding this rhyolite, each hand sample

records zircon ages varying between 6826 433 kyr (gran-
ite sample) and 2636 140 kyr (lower gabbro sample;

Fig. 7). Despite the overall younging trend upwards in the

intrusion, each sample has zircon dates that overlap with

other samples. No sample contains distinct xenocrystic or

antecrystic zircon populations, but rather a single continu-

ous zircon age spectrum. Zircon 12 from the granite sam-
ple (BRGIC2) shows an older age of 151�5 Ma but has a

large error of 2�0 Ma, so it remains unclear if this zircon is

an antecryst. Multiple grains have been fragmented to

analyse rims versus cores and detect a possible age differ-

ence, but for only one grain (GIC_31b_2) have two frag-

ments been successfully analyzed (z8 and z9). These are
marked in Fig. 7.

Emplacement ages of dated samples and
construction timescales of the GIC
In this section, results of the new workflow (Fig. 4) are pre-

sented. Bayesian zircon saturation and solidus age esti-

mates and temperatures (step 2) are listed in Table 1 and

yield saturation ages varying from 149�3236 0�058 Ma

(granite sample) to 149�5456 0�052 Ma (upper gabbro
sample). Estimated zircon saturation temperatures of

dated samples are similar in each sample and span a
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range from 857�C in the granite sample to 882�C in the

gabbro samples. The total estimated duration of zircon

crystallization varies from 3886 184 kyr in the lower gab-

bro sample to 6526 325 kyr in the upper gabbro sample,

and the resulting estimated cooling rates (based on the as-
sumption of a linear crystallization curve) are between

200�C Ma–1 in the upper gabbro and 450�C Ma–1 in the

granite sample. Figure 7 shows a comparison between

the TIMS ages for each analyzed zircon and the saturation

and solidus age estimates from Bayesian statistics for

each sample.

The cooling calculations (step 3 in the Methods sec-
tion) yield a time difference between the liquidus tem-

perature (1100�C for mafic compositions and 900�C for

felsic compositions) and zircon saturation (857�C for

mafic compositions and 882�C for felsic compositions)

of �100 kyr for mafic compositions and �27 kyr for fels-

ic compositions. Adding these age results to the satur-
ation ages of the oldest and youngest sample in the

GIC, a total construction timescale of 295 6 110 kyr is

determined, assuming that each sample was emplaced

at its liquidus (Table 2).

2D finite-difference thermal modeling results
Thermal model results are shown in Fig. 8 in 50 kyr

increments, displaying the color-coded difference in
temperature. The results show that melt is present for

�550 kyr after emplacement of the first sill, assuming

solidus temperatures for mafic magmas of 750�C and

for felsic magmas of 650�C.

DISCUSSION

Constraining the construction history of the GIC
Zircon has the potential to record temporal, thermal

and chemical information during its crystallization from

magma and thus can help in revealing magma evolu-
tion and dynamics. In water-rich, calc-alkaline magmas,

the suppression of plagioclase and the lowering of crys-

tallization temperature for common silicate phases gen-

erally predict early saturation of zircon relative to other

silicate minerals during fractionation of intermediate to

felsic magmas (Keller et al., 2015). For mafic composi-
tions, Boehnke et al. (2013) showed that unrealistically

high (e.g. >4 wt %) concentrations of Zr would be

required to crystallize zircon close to the liquidus; con-

sequently, zircons found in mafic environments prob-

ably formed from late-stage interstitial melts enriched

in Zr. A later crystallization of zircon relative to other

phases and the liquidus in the mafic compared with
felsic samples of the GIC is evidenced in mineral therm-

ometry (Fig. 6). Thus, zircon ages do not necessarily re-

cord the entire history of crystallization, especially in

mafic compositions and cannot simply be compared

with each other.

U–Pb zircon CA-ID-TIMS ages from the GIC, with a
precision of better than 0�1%, record an extended history

of zircon crystallization. In many instances, this is linked
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to, but does not simply coincide with, the geological

event of interest (e.g. in our case, the arrival of magma
batches at the emplacement level from which we wish to

infer construction timescales). Studies have shown that

zircon can be inherited from deeper crustal levels (e.g.

Barboni et al., 2015), saturate during magma ascent, re-

cord only a part of the crystallization timescale at the em-

placement level, be recycled from earlier crystallized
parts of an intrusive complex (Miller et al., 2007;

Samperton et al., 2015), or form late in the crystallization

sequence from a residual felsic interstitial melt recording

only the latest stages of crystallization (Blackburn et al.,

2013). In our case, the simple oscillatory and unzoned zir-

con textures in the dated GIC units identified in CL

images (Fig. 3), and the lack of visible inherited cores and
distinct antecrystic zircon populations are all consistent

with a relatively simple crystallization history of zircon at

the emplacement level for both felsic and mafic samples.

Such a model is further consistent with the observation

that zircon crystallization temperatures are lower than

those of the major silicate phases in most GIC samples,

indicating that zircon probably formed at temperatures

lower than the liquidus temperatures of pyroxenes and
plagioclase. This is because the level of bulk crystalliza-

tion (>�80% according to MELTS zircon saturation cal-

culations) expected at the point of zircon saturation in

the mafic lithologies would prohibit magma ascent and

cause stalling and emplacement, suggesting that most

zircon crystallization took place at the emplacement

level. This is not necessarily the case for the felsic sam-
ples, in which zircon crystallizes earlier relative to other

phases (�10% bulk crystallization); however, the fine-

grained appearance of granites and granophyres (and

mafic samples) implies that most crystallization of miner-

als occurred at the emplacement level. If all zircon crys-

tallization took place at the emplacement level, then to
determine the arrival time of parental magma (assuming

that each sample is an individual magma batch), the

timespan between emplacement and zircon crystalliza-

tion should be added to the zircon saturation age. For

simplicity, we assume here that magmas have been

emplaced as melts; therefore, the timespan added to the

zircon saturation age is the time between reaching the
liquidus of the respective parental melt batch and zircon

saturation. By using this simplification, calculated em-

placement timescales are maximum estimates, as some

prior crystallization could have taken place at depth.

Different statistical methods are applied in geochron-

ology to interpret U–Pb ages, the most common for this
type of study being the weighted mean (e.g. of a con-

cordant zircon population; Schoene, 2014). These

Table 2: Comparison of interpretations of construction time-
scales of the GIC using different methods.

Method Construction
timescale (kyr)

Weighted mean age difference of oldest
and youngest sample

250 6 89

Youngest versus oldest zircon in complex 589 6 455
Weighted mean age of subsets of zircons 480 6 100
New workflow 295 6 110

Explanations on how to calculate each of the construction dur-
ation estimates are given in the text.
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Meladiorite
51.76 wt. % SiO2

Felsic segregetions
66.68 wt. % SiO2

Upper gabbro
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51.04 wt. % SiO2
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Fig. 7. Rank-order plot of U–Pb ID-TIMS zircon ages from units in the GIC, increasing from right to left according their stratigraphic
position in the complex. Also shown are SiO2 whole-rock compositions of dated samples and the saturation and solidus age of zir-
cons for each sample determined by a Bayesian approach. Each bar represents analyses of one single grain, except for z8 and z9
from the felsic segregation sample, which represent fragments of the same grain.
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methods assign a single age to a dataset, assuming that

analytical scatter causes all deviation from the mean

value. The high precision of CA-ID-TIMS ages, however,

has allowed the resolution of geological heterogeneity

in zircon crystallization ages previously hidden by ana-
lytical scatter. This has led to multiple possible interpre-

tations of emplacement age from a high-precision U–Pb

zircon dataset [see also fig. 8 of Samperton et al.

(2015)], ranging from the traditional weighted mean, to

using only the youngest zircon age in a distribution, to

combinations thereof. In this study, we define the con-

struction timescale of the GIC as the time difference be-
tween the emplacement of the first and last magma

batch. Our limited sample set does not allow us to dis-

tinguish how many batches have been emplaced in the

GIC, thus we treat each sample as representing a dis-

tinct batch. Table 2 lists estimates for construction time-

scales of the GIC using some of the data interpretations
outlined above. To make a reasonable interpretation it

is crucial to relate ages to geochemistry and field obser-

vations. To relate individual measured U–Pb zircon

ages to the emplacement ages of magma batches par-

ental to the dated samples, a computational workflow

was developed in this study, which is explained in detail
in the Methods section and incorporates zircon satur-

ation distribution estimates for each dated sample, a

Bayesian approach to relate the estimated zircon satur-

ation distribution to the observed U–Pb age dataset,

and cooling path calculations. Our approach is especial-

ly useful for igneous complexes that show evidence of

zircon crystallization at the emplacement level and that
comprise a wide spectrum of whole-rock compositions

and cumulates. It would be expected that in mafic and

cumulate samples, zircon saturation is late relative to

the time of emplacement of the parental magma batch,

in contrast to zircon crystallization in more felsic units.

Using this approach, we estimate the total construction
timescale of the GIC to be 295 6 110 kyr (considering all

dated samples).

Uncertainties of methods predicting and
calculating zircon crystallization temperatures
and ages in this study
Different methods applied in this study to estimate zir-

con crystallization temperatures and ages, specifically

Ti-in-zircon temperature calculations and U–Pb zircon

TIMS age distributions, as well as Bayesian interpreta-

tions of zircon saturation distributions and TIMS ages,

can be compared and evaluated.

Figure 6 compares zircon crystallization tempera-
tures (green color) calculated from Ti-in-zircon therm-

ometry and MELTS zircon saturation distribution

calculations. As can be seen in this figure a mismatch of

650�C between Ti-in-zircon temperatures and predicted

saturation temperatures is observed (i.e. the highest

temperature calculated from Ti-in-zircon thermometry
is �30�C lower than the beginning of zircon saturation

predicted by alphaMELTS calculations for the

meladiorite sample, whereas the lowest crystallization

temperature is �50�C lower as predicted by the satur-

ation curve). Some misfit is to be expected given the un-

certainty in the temperature calibration of alphaMELTS,

of the Ti-in-zircon thermometer, and of the alphaMELTS
temperature and melt percentage (F) relationship.

Furthermore, there is about 50�C uncertainty in

alphaMELTS calculations, and arguably at least as

much in Ti-in-zircon, considering the uncertainty in Ti

activity. For instance, even finding rutile or titanite in a

given rock does not automatically specify the Ti activity

at the time of zircon crystallization because these miner-
als may not be co-crystallizing with zircon.

Figure 7 shows the zircon age distributions from

each dated sample and the zircon saturation and sol-

idus ages as interpreted by Bayesian statistics for each

sample. Whereas the felsic samples show an excellent

agreement between oldest and youngest zircon ages
and Bayesian interpretation of saturation and solidus

age, the mafic samples, in particular the meladiorite

sample, lack zircon ages as young as the solidus age

predicted by Bayesian statistics. The likelihood of meas-

uring a single zircon age that reflects the last increment

of zircon saturation is fairly low, considering the form of
the zircon saturation distribution as a function of time

or temperature. This form, with rapid initial saturation

and a long tail of gradual subsequent crystallization as

obtained by our alphaMELTS calculations, is supported

by both the theoretical calculations of Watson (1996)

and the empirical cumulative crystallization distribu-

tions of Samperton et al. (2015). This gap in time be-
tween the youngest observed zircon (out of n �10) may

only reflect our limited sample size and does not neces-

sarily imply any true gap in time or temperature be-

tween the last increment of zircon crystallization and

the solidus.

Formation and longevity of a magma chamber at
the shallow emplacement level of the GIC
We combined the U–Pb geochronology with 2D finite-

difference thermal modeling to test whether a magma
chamber can form at the shallow emplacement depths

of the GIC and investigate its size, longevity and melt-

present timescales and compare results with field

observations.

Relating temperatures to melt percentages and
magma chamber areas
We used averages of �5000 alphaMELTS calculations

(Ghiorso et al., 2002; Asimow et al., 2004; Smith &
Asimow, 2005) with varying water contents, but under

water-saturated conditions, to determine temperature

versus F (melt %) curves for the felsic and mafic sam-

ples. The whole-rock composition of the granite sample

(BRGIC2) was used as a liquid composition for the felsic

samples, whereas the basaltic dike sampled from the
granite unit (BRGIC6) was used for mafic samples. Next,

temperatures at points 1–4 (Fig. 5) in the 2D thermal
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model can then be related to melt fractions by using ei-

ther the felsic or mafic alphaMELTS calculations, de-

pendent on their position in the felsic or mafic part of

the complex. Figure 9 shows the evolution of melt per-

centages at points 1–4 following the emplacement of

the first sill. These results show that 100% melt is pre-

sent only at point 2 in the felsic part of the pluton close
to the emplacement level. As expected, cooling is faster

at the top and bottom of the intrusion (points 1 and 4),

whereas in the center, melt is present for a longer time-

scale (points 2 and 3). Points 1–4 correspond approxi-

mately to the stratigraphic positions of the samples

dated in this study (point 1, granite sample; point 2,
meladiorite; however, sample BRGIC3 is a mafic sam-

ple, whereas point 2 is located right above the emplace-

ment level in the felsic unit; point 3, upper gabbro; point

4, lower gabbro) and thus, to a first order, melt-present

timescale estimates from the age difference between

oldest and youngest zircon age in each sample, the new

workflow presented in this study and thermal modeling
can be compared. The age differences between the old-

est and youngest zircon age in a sample provide esti-

mates for the duration of melt present during zircon

crystallization (first column in Table 3); however, these

estimates are minima, especially for mafic samples

where zircon crystallizes late relative to other phases.
The melt-present timescales calculated from the new

workflow presented in this study (second column in

Table 3) assume that each sample (and thus magma

batch) is emplaced at its liquidus, which is an assump-

tion reasonable for the mafic samples as they are very

fine-grained and represent liquid compositions (see

above); however, this is a simplification for the felsic

samples. Melt-present timescales estimated by the new

workflow are thus potentially too long if magma was

not emplaced close to the liquidus. Results from the
thermal model (last two columns in Table 3) are strong-

ly dependent on emplacement geometry (e.g. Annen,

2011; Paterson et al., 2011) and assumptions about ad-

jacent host-rock temperatures, and are affected by the

lack of 3D cooling. Nevertheless, each method shows

faster cooling reflected in shorter melt-present time-

scales at the top and bottom of the complex relative to
the center. Furthermore, the thermal model shows sig-

nificantly shorter melt-present timescales in the upper

part of the felsic unit compared with estimates by the

other methods. This could be caused by the fixed

boundary conditions imposing 0�C at the top of the

thermal model.
In general, the comparison in Table 3 shows that

using individual zircon ages alone to calculate melt-

present timescales probably underestimates the lon-

gevity of melt presence in a magma chamber.

Although the application of the new workflow pre-

sented in this study is an improvement regarding such
calculations, it requires the knowledge of crystal per-

centages at the time of magma emplacement, which

are difficult to assess. For the GIC, the limiting factor is

the assumption about the crystal percentages in the

granite sample and errors associated with TIMS

geochronology.

The thermal model further allows monitoring of the
time-dependent increase and decrease of magma

chamber size (defined here as area in km2) that which

has temperatures above the respective solidus tem-

perature of the rock type (felsic part: 650�C; mafic part:

750�C; these temperatures are estimated based on min-

eral thermometry in Fig. 6, but agree well with MELTS
modeling as presented in Supplementary Data File 7).

The area calculations are made by scanning the time-

dependent (10 kyr time steps) temperature at each grid

point of the 2D finite-difference model between 0 and

20 km depth. The rock type at each grid point deter-

mines which temperature to compare it with. If the tem-

perature is higher than 750�C for the mafic area, we
count the grid point. If rock type is felsic, we compare

the grid temperature with 650�C, and if it is higher, we

count that grid point. At the end of the scanning for the

given time panel, we have two numbers: how many

felsic grid points were above 650�C and how many

mafic grid points were above 750�C. These points are
then multiplied by dx2¼ 20 m2 to obtain areas. Figure 10

shows the calculated increase of areas during construc-

tion of the GIC for mafic and felsic rocks, and horizontal

lines represent exposed areas for each GIC unit calcu-

lated based on field observations. The total maximum

size of a magma chamber constructed based on the

thermal model is �50 km2 at �290 kyr after the first sill
is emplaced, forming �60% of the total areal exposure

of the GIC. Field observations indicate that the mingling
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zone (25�3 km2) together with the highly heterogeneous

meladiorite (12�1 km2) unit are most likely to have

formed a melt-bearing magma chamber in which felsic

and mafic magmas were emplaced and mingled, but

owing to their different rheology were unable to mix
significantly. These two units make up �76% of the

maximum area of the magma chamber calculated by

the thermal model. The slightly larger percentage of

melt-bearing area predicted by the thermal model as

interpreted by field observations could be related to

underestimation of cooling timescales by a 2 D model

setup.
Because a ‘magma chamber’ can be defined as hav-

ing any percentage of melt, we further monitored the

change in area in the felsic part of the GIC with temper-

atures at 750�C corresponding to �60% melt and thus

comprising mobile, potentially eruptible magma

(Fig. 10). The largest amount of eruptible magma is
available shortly after construction of the complex,

forming �20% of the entire areal extent of the GIC.

However, there is no field evidence that eruption took

place and this study has shown that the rhyolites at the

top of the GIC are older than the intrusive rocks. To

thermally evaluate the formation of the felsic segrega-

tions (sample BRGIC10) in the upper gabbros by segre-

gation of interstitial, evolved melt during

crystallization, we monitored the temporal evolution of

mafic magma at 30% melt fraction. This value was
chosen as a lower limit of physical melt extraction from

a crystal mush (Dufek & Bachmann, 2010) and required

to achieve evolved, interstitial melt compositions as a

result of mafic mineral crystallization. The curve in

Fig. 10 shows the presence of 30% melt in the mafic

part of the GIC for an extended amount of time, sup-

porting the possibility that these melts are locally accu-
mulated (i.e. not far travelled) interstitial melts. Figure 9

further implies that, owing to slower cooling in the cen-

ter of the GIC, interstitial melt segregation is more like-

ly at point 3 than 4. This is supported by field

observations, which show the presence of felsic segre-

gations only in the upper gabbro and meladiorite unit
(Putirka et al., 2014a).

Summary and implications: construction
timescales of igneous bodies in the crust and the
longevity of magma chambers
Figure 11 shows the emplacement and cooling timescale

reconstructed for the GIC relative to other well-dated in-

trusive bodies (U–Pb zircon TIMS ages). It should be noted

that most of the plotted magma addition rates for intru-
sive bodies in Fig. 11 are from subunits of larger intrusive

complexes (except for the Torres del Paine laccolith, Mt.

Capanne pluton and Fangshan pluton). Additionally, esti-

mates for minimum magma addition rates based on dif-

ferent thermal models necessary to sustain a magma

chamber are plotted as continuous red lines (Annen,
2009; Gelman et al., 2013; Karakas et al., 2017). The grey

field in Fig. 11 spans calculated eruption rates from large

silicic provinces (after Mason et al., 2004). Although sub-

ject to errors based on estimating eruption volumes by

field constraints, this range provides a first-order estimate

of the sizes and associated magma addition rates required

to sustain eruptible magma in the shallow crust. We fur-
ther plotted the observed magma addition rate to the GIC

and a hypothetical magma addition rate required to

achieve a magma chamber of the size of the GIC shortly

after construction is completed. We note here that the GIC

comprises, unlike other shallow crustal magma reservoirs

in arc settings, an unusual amount of mafic magma asso-
ciated with a large heat input, which is not the case in in-

trusive complexes modeled in papers cited in Fig. 11.

Table 3: Comparison of melt-present timescale estimates from the age difference between the oldest and youngest U–Pb TIMS zir-
con age, the new workflow presented in this study and thermal modeling

Sample Oldest – youngest zircon age (ka) New workflow (ka) Thermal modeling

Point Melt presence (kyr)

BRGIC2 376 6 538 469 6 202 1 �200
BRGIC3 279 6 138 616 6 236 2 �550
BRGIC10D 438 6 228 752 6 325 3 �460
BRGIC13 263 6 140 488 6 184 4 �450
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ing construction and crystallization of the GIC as calculated by
the 2D thermal model. Also shown are color-coded vertical
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based on field observations.
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Recent work by Karakas et al. (2017) using crustal-

wide thermal modeling showed that the longevity of

magma chambers can increase with the thermal matur-

ity of the magma plumbing system, even further com-

pared with earlier thermal modeling studies of

individual intrusive complexes, implying that magma
chambers might be more common than previously sug-

gested. We, point out, however, that thermal modeling

and the calculation of melt percentages in a magma res-

ervoir can only provide a temporal window during

which intra-chamber processes (e.g. interstitial magma

collection and segregation, mixing by convection) can

physically take place, but do not provide direct evidence
of their operation.

This study has shown that if U–Pb geochronology is

used to infer construction and melt-present timescales

in magma reservoirs, it is necessary to evaluate zircon

ages in the context of saturation distributions and crys-

tallization timescales relative to other minerals and em-
placement of individual magma batches, to arrive at

more realistic construction timescales of intrusive

bodies.
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